ABSTRACT
INTRODUCTION
Sr seawater ) recently published in a companion work by Saltzman et al. (2014) . The application of strontium isotope stratigraphy over geologic time is possible because the oceans are regarded as having a homogeneous 87 Sr/ 86 Sr value reflecting a residence time of Sr (~10 6 yr) that is several orders of magnitude greater than the mixing time of the oceans today (~10 3 yr; Veizer, 1989) . In general, the ideal materials to use for reconstruction of secular 87 Sr/ 86 Sr sea water variations are well-preserved fossils made of authigenic calcite or apatite, such as belemnites in the Mesozoic or brachiopods and cono donts in the Paleozoic (McArthur et al., 2012 , and references therein). However, in stratigraphic successions where well-preserved fossil material is lacking or absent, particularly during the Precambrian or across mass extinction intervals such as the Permian-Triassic boundary (Veizer et al., 1983; Derry et al., 1989 Derry et al., , 1992 Kaufman et al., 1993; Jacobsen and Kaufman, 1999; Halverson et al., 2007; Saltzman and Sedlacek, 2013; Sedlacek et al., 2014) , bulk carbonate rock represents the only practical option for continuous sampling in seawater 87 Sr/ 86 Sr studies. Whereas stringent documentation of the degree of diagenetic alteration of bulk carbonate (marine limestone) is required in order to confi-Geological Society of America Bulletin, v. 127, no. 9/10 dently interpret 87 Sr/ 86 Sr as representing ancient ocean chemistry, the methods and criteria used to assess alteration vary (e.g., Burke et al., 1982; Derry et al., 1992; Kaufman et al., 1993; Denison et al., 1994a Denison et al., , 1994b Denison et al., , 1997 Denison et al., , 1998 Gao and Land, 1991; Gao et al., 1996; Montañez et al., 1996; Halverson et al., 2007; Young et al., 2009; Maloof et al., 2010; Li et al., 2011) . General criteria used to screen samples most likely to retain a primary 87 Sr/ 86 Sr signal in bulk carbonate are similar to those used for fossil material and may include petrographic and cathodoluminescent microscopy, and trace-element and stable isotope (d 13 
C, d
18 O) analysis (Popp et al., 1986; Veizer, 1989; Gao and Land, 1991; Derry et al., 1992; Ebneth et al., 1997; Shields et al., 2003; Korte et al., 2003 Korte et al., , 2006 van Geldern et al., 2006; Azmy et al., 2009) . Additionally, because pore fluids that migrate through sediment generally have less Sr than marine carbonate and act to lower Sr concentrations ( [Sr] ) in limestone until equilibrium is reached during diagenesis (Brand and Veizer, 1980; Banner and Hanson, 1990) , some research groups have used thresholds in [Sr] to screen bulk rock samples prior to isotopic analysis (Burke et al., 1982; Denison et al., 1994a Denison et al., , 1994b Denison et al., , 1998 Halverson et al., 2007) . Similarly, because pore fluids contain significantly more Mn than marine carbonates, some authors also used Sr/Mn ratios to delineate fields of least-altered samples (e.g., Derry et al., 1992; Montañez et al., 1996) .
Although efforts to screen samples based on petrographic and geochemical criteria are well established, studies that have focused on refining the methods used to extract and measure only Sr derived from seawater in bulk rock have also improved the reliability of bulk carbonate to approximate primary 87 Sr/ 86 Sr trends. Methods include treating carbonate powders in ammonium acetate to strip away contaminant radiogenic Sr (likely sorbed to insoluble clay minerals) prior to dissolution in a weak acetic acid (Montañez et al., 1996; Bailey et al., 2000; Young et al., 2009 ). Some workers also advocate for the partial dissolution or a step-wise leaching procedure of carbonate powder in weak acid to remove any acid-soluble Sr in nontarget mineral phases (e.g., diagenetic calcitic cements) prior to a second dissolution step, which is then used for 87 Sr/ 86 Sr analysis (Bailey et al., 2000; Li et al., 2011; Liu et al., 2013) . Petrographic screening can be effective at avoiding carbonate lithologies with clear evidence for diagenetic alteration (e.g., recrystallization, postburial cements), but these features may not be easily recognized in targeted very fine-grained carbonate lithologies (i.e., micrite) where grain sizes are <62 µm wide (mud-sized).
Use of diagenetic screening criteria and carefully thought-out methods for Sr extraction from bulk carbonate is essential but ultimately cannot guarantee that measurement of primary seawater values has been achieved without independent knowledge of the seawater trend. Currently, the best way to demonstrate that a seawater signal is preserved in bulk carbonate is to compare those values with an accepted seawater curve generated from well-preserved fossil materials. Although this is not possible for the Precambrian and parts of the Cambrian, it can be done in the rest of the Phanerozoic stratigraphic record. Sr trend measured from well-preserved fossil materials from a previously studied, roughly age-equivalent section (e.g., Martin and Macdougall, 1995; Marenco et al., 2008; Young et al., 2009 Sr seawater proxy for strontium isotope stratigraphy using bulk carbonate because fine-grained rocks typically have low porosity and permeability, which decrease the likelihood of recrystallization and isotopic exchange with pore fluids after burial. Stratigraphic sections with a range of lithologies (limestone and dolomite), varying [Sr] Sr is considered to be minimal (Chaudhuri and Clauer, 1986; Veizer, 1989 Sr (Veizer and Compston, 1974) .
The most recent Phanerozoic
87
Sr/
86
Sr curve is a compilation of numerous studies using a variety of well-preserved materials (McArthur et al., 2012) . Cenozoic studies have primarily measured foraminiferal calcite recovered from deep-sea drilling programs for seawater 87 Sr/ 86 Sr (e.g., Palmer and Elderfield, 1985; Hodell and Woodruff, 1994; Farrell et al., 1995) . Sr isotopes from the Mesozoic have largely been sampled from calcitic and aragonitic belemnite and ammonite skeletal material (Jones et al., 1994a (Jones et al., , 1994b McArthur et al., 1994 McArthur et al., , 2000 McArthur et al., , 2004 and are supported by measurements made on bulk carbonate (e.g., Veizer and Compston, 1974; Burke et al., 1982; Marenco et al., 2008; Saltzman and Sedlacek, 2013; Sedlacek et al., 2014) and nannoplankton oozes (McArthur et al., 1993) . For the Paleozoic, low-Mg brachiopod calcite has commonly been used to estimate seawater 87 Sr/ 86 Sr (Popp et al., 1986; Keto and Jacobsen, 1987; Bertram et al., 1992; Kürschner et al., 1992; Gruszczynski et al., 1992; Cummins and Elderfield, 1994; Diener et al., 1996; Ebneth et al., 1997; Azmy et al., 1999 Azmy et al., , 2009 Veizer et al., 1999; Korte et al., 2003 Korte et al., , 2006 Shields et al., 2003; Brand, 2004; van Geldern et al., 2006; Cramer et al., 2011) . However, because well-preserved brachiopods are not always present throughout a stratigraphic section, other studies have estimated Paleozoic seawater 87 Sr/ 86 elements (Kovach, 1980 (Kovach, , 1981 Keto and Jacobsen, 1987; Kürschner et al., 1992; Cummins and Elderfield, 1994; Ruppel et al., 1996; Holmden et al., 1996; Ebneth et al., 1997; Qing et al., 1998; Armstrong et al., 2001; John et al., 2008; Saltzman et al., 2014) or bulk carbonate (Burke et al., 1982; Gao and Land, 1991; Denison et al., 1994a Denison et al., , 1994b Denison et al., , 1998 Bailey et al., 2000; Young et al., 2009 ). Precambrian and Early to Middle Cambrian studies are based only on carbonate carefully screened to exclude diagenetic phases (e.g., Derry et al., 1992; Kaufman et al., 1993; Saltzman et al., 1995; Montañez et al., 1996; Halverson et al., 2007; Maloof et al., 2010; Li et al., 2011; Liu et al., 2013) .
A major drop in seawater 87 Sr/
Sr has been observed in Middle-Upper Ordovician strata reported from studies using brachiopod calcite Shields et al., 2003) , bulk rock (Burke et al., 1982; Young et al., 2009) , and conodont apatite (Fig. 2) , representing ~10 m.y. (1) increased rates of seafloor spreading and hydrothermal activity that provided a higher input of nonradiogenic Sr to the ocean, (2) a eustatic sea-level rise that flooded radiogenic source areas (diminishing the radiogenic Sr riverine input), (3) increased weathering rates of juvenile (nonradiogenic) volcanic rocks associated with the Taconic or coeval orogenic events, or (4) ocean ventilation and introduction of a nonradiogenic Sr reservoir from the deep ocean (Shields et al., 2003; Young et al., 2009; Kah and Thompson, 2011) . Young et al. (2009) predicted that enhanced weathering of young volcanics would also draw down atmospheric CO 2 , but this was balanced by CO 2 output from coeval volcanism. An apparent stabilization of sea-surface temperatures in the middle Darriwilian (Trotter et al., 2008) 
METHODS AND MATERIALS

Collections and Defining the Seawater Trend
Conodont and rock samples were obtained from collections by Wilson (1988) and Sweet and Tolbert (1997) for the lower-middle portion the Shingle Pass section, and the remainder of the section was supplemented by new field work Saltzman et al., 2014; Fig. 3) . Conodont samples from the Antelope Range were obtained from the work by Spencer (1984; see Saltzman et al., 2014) , and bulk carbonate 87 Sr/ 86 Sr values are from data published by Young et al. (2009) from the Hill 8308 section (Fig. 4) . Conodonts from the Meiklejohn Peak section were from Harris et al. (1979) study collections, and bulk rock samples were collected during recent field work ( Fig. DR1 [see footnote 1] ). Conodonts and bulk rock samples from the Oklahoma section (Fig. 5) were obtained from the collections of Bauer (1987 Bauer ( , 1994 Bauer ( , 2010 . Conodont and bulk rock samples from the Roaring Spring-Union Furnace, Rocky Gap, Clear Spring, and I-81 Sr data reported here and in a companion paper by Saltzman et al. (2014; dashed line in Fig. 2 ). The rationale for using conodonts in place of brachiopods is that both fossils can yield nearly identical 87 Sr/ 86 Sr values within the range of sample heterogeneity and that conodonts are more continuously available throughout carbonate strata than brachiopods (Shields et al., 2003 Sr conodont values show good precision based on replicate analyses .
Analytical Chemistry
Bulk carbonate samples were prepared for 87 Sr/ 86 Sr analysis using the methods of Montañez et al. (1996) and Young et al. (2009) . Lime mudstone samples composed entirely of micrite were preferentially selected, but the micritic matrix of wackestone-packstone lithologies free of visible alteration was selectively microdrilled to produce ~40-60 mg of carbonate powder. Powders were treated with ultrapure 1 M ammonium acetate (buffered to a pH = 8) and leached in three rinses of acetic acid (4%). Li et al.'s (2011) recent study used a partial leach of bulk carbonate samples before isotopic analysis, but because much of our work was conducted prior to this publication and our preliminary efforts of preleaching were equivocal (see supplementary material [footnote 1]), we used the same methods conducted in previous studies for consistency (Young et al., 2009) .
Conodonts were prepared for 87 Sr/
86
Sr analysis using the methods of John et al. (2008) and Saltzman et al. (2014) , briefly reviewed here. Conodonts were obtained from rock samples using traditional extraction techniques using acetic acid (10%-15%) for limestone lithologies and a formic acid solution (6%) buffered with CaCO 3 and Ca(PO 4 ) 3 for dolomitic lithologies. Whole and broken conodont elements were first rinsed with 1 mL Milli-Q water to remove surficial material or residues. Cleaned elements were leached using ultrapure 1 M ammonium acetate to remove altered surficial material and labile Sr sorbed onto minute clay minerals that may still have been attached to elements before being dissolved in ultrapure 6 N HCl. To test the effects of the way in which an acid preleach step might affect the measured Dwyer (1996) Sr from the same sections. Brachiopod calcite was prepared using methods similar to Shields et al. (2003) . Two brachiopods were imaged using scanning electron microscopy (Figs. DR4 and DR5 [see footnote 1]). The outer layer of brachiopod valves was removed with a stainless-steel needle to expose the optically present pearlescent inner fibrous layer. Samples were rinsed three times in 18 MW Milli-Q water in an ultrasonic bath to remove any remaining surficial material. Cleaned shells were drilled with a fine-tipped dental tool to produce 1-3 mg of powder. Brachiopod powders were rinsed in 1 M ammonium acetate before being dissolved in 4% acetic acid in the same procedure used for bulk rock samples. All samples were spiked with an 84 Sr tracer and purified using H + cation exchange resin via two elutions of 2 N HCl through silica glass columns (cf. Foland and Allen, 1991) .
Mass Spectrometry
Isotopic data were measured using dynamic multicollection on a Finnigan MAT-261A thermal ionization mass spectrometer at the Radio- Sr carb values just above the Knox uncon formity (a major erosional surface present throughout much of the Appalachian region; Mussman and Read, 1986) sharply decrease from 0.70860 to 0.70820 throughout the Elway, Benbolt, and Witten Formations (Fig. 7) , as measured in the Shingle Pass section (Fig. 3) ), such as in the Bellefonte Formation in central Pennsylvania (Fig. 6 ) and the Knox Dolomite at the Rocky Gap section (Fig. 7) .
Strontium concentrations measured from bulk carbonate vary considerably, from as low as 17 ppm (Shingle Pass) to 1296 ppm (Union Furnace section; Saltzman et al., 2014) between 5 and 10 × 10 -5 throughout all of the measured sections, in spite of the large range of CAI values and host lithologies (i.e., limestone or dolomite). Strontium concentrations vary between 2000 and 25,000 ppm Sr, and [Sr] does not appear to show any correlation with the CAI value ( Fig. DR6 [see footnote 1] ). Sr conodont values at Shingle Pass). Sr concentrations of these brachiopods are similar to other reported data (e.g., Veizer et al., 1999; Shields et al., 2003) , where [Sr] ranges between 383 and 744 ppm (average = 474 ppm; Sr in bulk carbonate is dependent on the ratio of primary seawater [Sr] to secondary [Sr] with a composition different from seawater. The incorporation of Sr into carbonate minerals that form in equilibrium with seawater is a complex process, but the most important factors include the original mineralogy, Sr/Ca and Mg/Ca ratios of seawater, precipitation rate, and temperature of the precipitating fluid (Table  1 ; Katz et al., 1972; Lorens, 1981; Morse, 1983, 1990; Morse et al., 1997; Malone and Baker, 1999) . The Sr content can be further modified during diagenesis (e.g., recrystallization or transformation of aragonite to calcite) via exchange with pore fluids and with large water:rock weight ratios (Banner and Hanson, 1990 ), which will typically reduce the Sr content when equilibrium is reached but not necessarily significantly change bulk carbonate 87 Sr/ 86 Sr ( Fig. 8) . Trace-element impurities, particularly Sr, are commonly excluded during the formation of more stable carbonate minerals (e.g., low-Mg calcite, dolomite; Brand and Veizer, 1980) .
Strontium Isotopes-Brachiopod Calcite
Because the [Sr] of carbonate rocks changes during diagenesis and is a function of the cumulative water:rock weight ratios (N) and the Sr/Ca ratio of the pore fluid (Banner and Hanson, 1990 (Fig. 8) . For example, a fluid with Sr/Ca = 0.01 and [Ca] = 100 ppm (a typical carbonate aquifer; Matthess, 1982) will begin to equilibrate when N > 10-100 (Fig. 8) , but a fluid with Sr/Ca = 0.01 and [Ca] = 1000 ppm will begin to equilibrate with a limestone when N > 1 (Fig. DR8 [see footnote 1]). However, these theoretical trends apply to limestone rocks that maintain constant porosity and permeability. Fine-grained lime micrite that undergoes early compaction and cementation will reduce porosity and permeability, thus reducing the ability for water:rock ratios to be elevated. This may create more variable alteration of the rock in general, depending on which pathways are the most permeable for fluid flow. Ordovician seawater is thought to have had higher [Sr] than found in the modern ocean (up to 46 ppm compared to 8 ppm; Table DR9 [see footnote 1]), based on [Sr] in well-preserved brachiopod calcite ( fig. 1 in Steuber and Veizer, 2002) . Calcite would have been the stable CaCO 3 carbonate mineral that formed in equilibrium with seawater based on observations of the mineralogy of ooids and marine cements (Sandberg, 1983) , the predominance of organisms that biomineralized low-Mg calcite (e.g., Stanley and Hardie, 1998; Porter, 2010; Ries, 2010) , and low Mg/Ca ratios (<2) observed in fluid inclusions (Lowenstein et al., 2001 (Lowenstein et al., , 2003 Bauer (1987 Bauer ( , 1990 Bauer ( , 1994 Bauer ( , 2010 (Fig. 9) . The acceptable upper limit determined by Li et al. (2011) 
Bulk Carbonate Sr Concentration
Because diagenesis often proceeds with loss of Sr (Fig. 8) , the [Sr] of carbonate minerals is commonly used to assess the extent to which diagenesis of 87 
Sr/ 86
Sr seawater is likely to have occurred (e.g., Burke et al., 1982; Denison et al., 1994a Denison et al., , 1994b Halverson et al., 2007; Maloof et al., 2010) . Halverson et al. (2007) analyzed bulk carbonate from three successions of Neoproterozoic strata and advocated that a lower [Sr] Sr values, and their lower limit varied among each of their studied sections but was always <200 ppm Sr. These studies did not use high Mn/Sr ratios in their bulk carbonate samples as a criterion to screen for diagenetic alteration (cf. Banner and Hanson, 1990; Jacobsen and Kaufman, 1999) because high Mn concentrations may also result from precipitation under dysoxic conditions, which may have persisted throughout the early Paleozoic (Hurtgen et al., 2009; Gill et al., 2011; Thompson and Kah, 2012) .
In our Ordovician study, a cross plot of D 87 Sr/ 86 Sr and the [Sr] of bulk carbonate samples (Fig. 9) is used to establish a lower Sr threshold among all measured sections where bulk carbonate most closely approximates 87 Sr/ 86 Sr seawater . Figure 9 indicates that larger D 87 Sr/ 86 Sr values (highly altered bulk carbonate) are associated with lowered bulk carbonate [Sr] , less than 300 ppm, similar to other reported thresholds (Burke et al., 1982; Denison et al., 1994a Denison et al., , 1994b Halverson et al., 2007) . There are 43 bulk carbonate samples with [Sr] ≥300 ppm (and one outlier from Shingle Pass) and a maximum D Sr values for higher [Sr] thresholds do not differ significantly (Table  DR1 [ ) have low [Sr] , between 130 and 300 ppm (primarily from the Antelope Range, Oklahoma, Clear Spring, and Rocky Gap sections), so solely using [Sr] should not be the only criterion used to evaluate whether or not 87 Sr/ 86 Sr seawater may be preserved.
Conodont Alteration Index
The conodont alteration index uses the color of conodont apatite to provide an estimate of the thermal history of a rock unit (Epstein et al., 1977) , and it appears to explain some of the variation in D 87 Sr/ 86 Sr that is not explained by [Sr] . Conodonts used in this study typically had a range in CAI values from a single locality (less than 1-2 units) and were classified as either Sr carb values due to a lack of conodont biostratigraphic data from this section. CAI-conodont color alteration index.
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86
Sr seawater and those samples with intermediate [Sr] 
